Introduction {#Sec1}
============

Dopamine is one of the most researched neurotransmitters because of its important functions in the human body (e.g., human metabolism, cardiovascular, central nervous, renal, and hormonal systems)^[@CR1]--[@CR7]^. Since dopamine is critical for signal transmissions to the brain, an inadequate level of dopamine can lead to many neurological diseases/disorders such as schizophrenia, attention deficit hyperactivity disorder (ADHD) and Parkinson's disease (PD)^[@CR8]--[@CR14]^.

To address this issue, there is an urgent need to develop platforms for the sensitive and selective detection of dopamine concentrations. To date, conventional colorimetric/column-based methods (e.g., ELISA, HPLC) have been reported to be effective for the detection of dopamine. However, these techniques are generally laborious and time consuming, which hinders the early diagnosis of several representative dopamine-related neurological diseases, and require several expensive analytical reagents^[@CR15]--[@CR19]^. Electrochemical detection is a simple and convenient technique and has therefore attracted increasing interest for measurement of various neurotransmitters including dopamine, gamma-aminobutyric acid, and serotonin^[@CR20]--[@CR24]^. Unlike other biological molecules such as glucose, dopamine is highly redox active and can effectively be measured without the use of other redox couples and/or enzymes required to facilitate the reduction/oxidation of the target molecules^[@CR19],[@CR25]--[@CR30]^. However, one critical concern for the detection of dopamine in blood is its low concentration level^[@CR1],[@CR5]^, which is further amplified by the signal interference from other biological molecules such as glucose, ascorbic acid (AA), and uric acid (UA). To this end, numerous studies have reported a variety of platforms by mostly integrating conductive micro-/nanomaterials or polymers on the surface of electrodes^[@CR30]^. Owing to the high conductivity and excellent electrocatalytic properties, metals such as gold, silver, and platinum have been modified on the electrode surface, mostly in the form of nanoparticles/nanostructures, to take advantage of their high surface-to-volume ratios. The methods employed to modify these metallic nanostructures on the conducting substrates can be categorized into two groups: (i) synthesis of metal nanoparticles and their following attachments onto the electrode surface via chemical linkers and (ii) direct formation of metal nanostructures on the substrates via electrochemical/chemical deposition. Nanostructured electrodes integrated into sensing platforms have been found to be highly effective to enhance both sensitivity and selectivity not only toward neurotransmitter detection including dopamine but also toward other biological materials (e.g., DNA, RNA, proteins, pathogens, glucose). However, comparing these nanostructured electrodes with conventional products, critical concerns have been raised, especially the instability of the electrical signals and the increase in the signal variations due to the difficulty in controlling the number, size, and shape of nanostructures modified on the electrode surfaces.

In this study, we report a new sensing platform for the effective detection of dopamine based on electrochemical methods. Unlike the previous study reporting the gold nanocup arrays for the detection of dopamine released from rat carcinoma^[@CR31]^, here, we developed a simple cylindrical gold nanoelectrode with varying its size and height to find the best conditions for measuring both chemical dopamine and the dopamine release from human dopaminergic neurons (SH-SY5Y). Sequential laser interference lithography (LIL) and electrochemical deposition (ECD) were utilized to prepare homogeneous cylindrical gold nanoelectrode (CAuNE) platforms, which are critical to achieve stable dopamine-specific electrochemical signals and to reduce the signal variations (Fig. [1](#Fig1){ref-type="fig"}). Using LIL, which eliminates the need for photomask fabrication, homogeneous photoresist (PR) nanoholes of three different diameters (500 nm, 700 nm, 900 nm) were easily fabricated on an indium tin oxide (ITO) surface. The PR nanohole arrays were then used as the templates to fabricate gold nanocylinder arrays via ECD. After confirming the topological characteristics of the CAuNE platforms, the effect of the diameter and height of the nanocylinders on the intensity of the redox signals of dopamine was analyzed by cyclic voltammetry (CV). The CAuNE platform that showed the best performance for dopamine detection was chosen to obtain the linear correlation between electrical signals and dopamine concentration, followed by selectivity testing of the platform toward dopamine using UA and glucose as the interfering molecules^[@CR30],[@CR32],[@CR33]^. Since recent studies reported by Bhalla *et al*. have shown that the nanostructured substrates help long-term survival of cells^[@CR34],[@CR35]^, the cell spreading and proliferation of human neural cell line, SH-SY5Y neuroblastoma, on CAuNE platforms were intensively analyzed. This study is incredibly important for developing a new type of biosensing platform that enables early diagnosis of various neurological diseases and evaluates the dopamine production ability of differentiated neuronal cells *ex vivo*.Figure 1Schematic representing the strategy of electrochemical signal detection of dopamine using CAuNE platform. (**a**) Lloyd's mirror interferometer for LIL. UV light from the laser passes through the objective lens and through the pinhole containing a spatial filter. (**b**) Sequential steps of fabrication of CAuNE platform. (**c**) CAuNE platform would be utilized as the substrate for dopamine detection by electrochemistry and cultivation of human neural cells.

Results and Discussions {#Sec2}
=======================

Fabrication and characterization of cylindrical gold nanoelectrodes {#Sec3}
-------------------------------------------------------------------

To overcome the challenges of current nanosized platforms, such as high cost, long fabrication time, and huge signal variations^[@CR16],[@CR18],[@CR36],[@CR37]^, we fabricated a novel sensing platform based on CAuNEs. First, homogenous polymer nanohole patterns were fabricated by LIL, as shown in Fig. [2(a)](#Fig2){ref-type="fig"}. By varying the incidence angle, that is, the angle between the light incident on the electrode surface and the line perpendicular to the surface, the diameters of the PR nanoholes could be freely varied without the use of a photomask^[@CR31],[@CR38]--[@CR45]^. The PR nanohole patterns on the ITO substrate were then used as templates to deposit gold via ECD. Compared to other metal deposition methods such as radio frequency magnetron sputtering, chemical vapor deposition, and e-beam evaporation, ECD can easily control the parameters of the nanostructures, including height, shape, and diameter, especially in combination with proper assisting templates^[@CR46],[@CR47]^. Since the entire area covered by the PR could be coated with gold via ECD, after removing the PR nanohole templates, large-scale homogenous CAuNEs could be easily obtained. Here, CAuNEs of three different diameters were fabricated (diameter of each cylinder was 500 nm, 700 nm, or 900 nm) while the electrical current during deposition process was monitored (Supplementary Fig. [1](#MOESM1){ref-type="media"}). Although the diameter of each gold cylinder varied, the distance between each nanoelectrode was kept constant (300 nm). As shown in Fig. [2(b,c)](#Fig2){ref-type="fig"}, both PR nanohole arrays and CAuNEs were successfully fabricated on the ITO electrode surface and their diameters perfectly matched with the expected diameters based on the following theoretical calculation.$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Lambda }}={{\rm{\lambda }}}_{{\rm{UV}}}/2\,\mathrm{Sin}\,{\rm{\theta }}$$\end{document}$$where Λ, λ~UV~, and θ are the pitch (nm), wavelength of the UV laser (360 nm), and the incidence angle (°), respectively. However, unlike the PR nanoholes, variations in the diameters of CAuNEs were within approximately 30%, which might be due to the difference in the diffusion of the gold chloride mixture solution used for ECD. It seemed that the parameters related to the concentrations of each component in the gold mixture solution (e.g., HAuCl~4~, surfactant, electrolyte) and the ECD conditions (e.g., deposition time, applied voltage) should be carefully tuned to overcome obstacles in nanohole-assisted CAuNE fabrication.Figure 2(**a**) Schematic showing sequential steps to fabricate CAuNEs. (**b**) FE-SEM images of three nanopatterns of CAuNEs with diameters of 500 nm, 700 nm, and 900 nm, corresponding to the left illustration of (**a**). (**c**) FE-SEM images of CAuNEs of different diameters after PR stripping step, corresponding to the right illustration of (**a**). Scale bar = 1 µm.

Optimization of nanotopographic features of CAuNEs {#Sec4}
--------------------------------------------------

CV was performed to investigate the effect of the diameter of CAuNEs on the ECD of dopamine, and the redox peaks achieved for each CAuNE were compared. Considering that the density of the nanoelectrode was critical in enhancing its sensitivity, mostly owing to the surface-to-volume ratio, we hypothesized that the CAuNE with a diameter of 500 nm would be the best for dopamine detection. To confirm this hypothesis, the fabricated CAuNEs with diameters of 500 nm, 700 nm, and 900 nm were analyzed by CV in the presence of 10 µM dopamine (PBS; pH = 7.4). As shown in Fig. [3(a)](#Fig3){ref-type="fig"}, all the substrates showed dopamine-specific electrochemical signals, which were around 0.09 V and 0.14 V for the reduction and oxidation peaks, respectively. Specifically, the peak-to-peak separations, \|E~pa~ − E~pc~\| values, were 0.044 V, 0.041 V, and 0.036 V, while the I~pa~/I~pc~ values were 1.48, 1.44, and 1.58 for CAuNEs with diameters of 500 nm, 700 nm and 900 nm, respectively. Consequently, the calculated values indicated that the reduction and oxidation of dopamine on the electrode, that is, the forward and backward reaction of dopamine to dopamine-o-quinone, was quasi-reversible. Remarkably, based on the reduction peaks (I~pc~) marked as red circles in Fig. [3(a)](#Fig3){ref-type="fig"}, CAuNE-700 nm showed a stronger signal than CAuNE-500 nm and CAuNE-900 nm (0.242 µA, 0.561 µA, and 0.449 µA for 500 nm, 700 nm, 900 nm, respectively). Specifically, the I~pc~ value obtained for CAuNE-700 nm was 2.33 and 1.24 times higher than that for CAuNE-500 nm and CAuNE-900 nm, respectively. The CAuNE-700 nm platform showed that the conditions to achieve the highest dopamine redox signal were clearly different from those hypothesized by us, that is, the CAuNE with the smallest diameter (500 nm) would be the best for the detection of the target analyte. This could be partially explained by the small diameter of the PR nanoholes (500 nm), which make the gold solution difficult to diffuse at the bottom of the ITO electrode surface, thus ultimately resulting in a decrease and/or failure in the gold deposition in each nanohole array. Taken together, we confirmed that the CAuNE-700 nm platform was the best for electrochemical detection of dopamine and was suitable for further study, including the sensitivity and selectivity tests.Figure 3Optimization of nanopattern diameter for enhancement of the dopamine-specific electrochemical signals. (**a**) Schematic showing three different diameters of the CAuNEs. (**b**) CV signals of each fabricated nanoelectrode. (**c**) Calculated peak intensities from CV signals of (**b**) presented as a bar graph (N = 3). \*p \< 0.05.

Electrochemical detection of dopamine using various heights of CAuNEs {#Sec5}
---------------------------------------------------------------------

After optimizing the diameter of the nanocylinders for dopamine detection, we next sought to investigate the maximum height of the nanocylinders formed by ECD, which would ultimately affect the sensitivity of the CAuNE platform. It is certain that the nanocylinder height is a critical factor to enhance the dopamine redox signals and should thus reach its maximum limit to increase the surface area of the nanocylinders. However, owing to several structural limitations of the nanocylinders, such as the height limitation on the PR nanohole template and the aspect ratio of the nanocylinders, which are strongly related to their structural stability, the average height of the nanocylinders needs to be optimized, preferably based on the redox signal intensities at a fixed concentration of dopamine. To this end, as shown in Fig. [4(a)](#Fig4){ref-type="fig"}, the time needed for ECD was varied from 25 to 175 s to achieve nanocylinder arrays of different heights on the ITO electrode surface. While varying the height of the nanocylinders, their diameter was fixed at 700 nm and the distance between each cylinder was maintained at 300 nm. Figure [4(b)](#Fig4){ref-type="fig"} shows the CV profiles of each CAuNE with different ECD times in the presence of 10 µM dopamine. Interestingly, among all the substrates fabricated, the best signal intensities were obtained for CAuNEs with a deposition time of 150 s (1.434 µA), which was 8.2, 7.8, 7.2, 2.7, 2.8, and 13.4 times higher than for CAuNEs with deposition times of 25 (0.175 µA), 50 (0.185 µA), 75 (0.198 µA), 100 (0.526 µA), 125 (0.504 µA), and 175 s (0.107 µA), respectively (Fig. [4(c)](#Fig4){ref-type="fig"}). For CAuNEs with a deposition time of 175 s, the overgrowth of gold nanocylinders was observed, which resulted in the complete detachment of nanocylinders during the removal of the PR nanohole template. In this case, the gold nanocylinder-mediated redox reactions of dopamine could not occur, which was a clear rationale for the large decrease in reduction current (Ipc) of CAuNEs with a deposition time of 175 s. Next, both the heights profile of the fabricated electrodes and active electrode surface area were investigated. The active surface area of CAuNE with 150 s deposition time, which showed the best performance for the dopamine detection, was calculated to be 0.271 cm^2^ based on the cyclic voltammogram obtained using K~3~Fe(CN)~6~ as a redox couple (Supplementary Fig. [2](#MOESM1){ref-type="media"}). The height of CAuNE with 150 s deposition time was confirmed to be 186 nm while the same substrates with 25 s, 50 s, and 100 s deposition time were measured to be 49.292 nm, 100.4 nm and 127.067 nm, respectively, based on the atomic force microscopic images (Supplementary Fig. [3](#MOESM1){ref-type="media"}). This finding proves that the increase of deposition time actually increased the heights of CAuNEs, which resulted in the enhancement of electrochemical signals of dopamine. Hence, it could be concluded that considering the structural stability and maximum height of the nanocylinders, which was fabricated by sequential LIL, ECD, and nanohole removal processes, nanocylinders with an ECD time of 150 s (186 nm in height), a diameter of 700 nm, and a gap of 300 nm were the best for the sensitive electrochemical detection of dopamine.Figure 4Gold deposition time optimization. (**a**) Schematic shows that the PR removal step and differences in results depending on the deposition time. (**b**) CV signals for different deposition times, 25, 50, 75, 100, 150, and 175 s. The nanoelectrode with a deposition time of 150 s showed the strongest signal. (**c**) Calculated peak intensities from (**b**) presented as a bar graph (N = 3). \**p* \< 0.05 and \*\**p* \< 0.01.

Detection of dopamine using CAuNEs {#Sec6}
----------------------------------

To confirm the potential of the newly developed platform for practical sensing applications, the following critical factors must be considered: (1) highly linear correlation between the signal intensity and the concentration of the target analyte (R^2^ \> 0.99) and (2) high selectivity toward the target molecule in the presence of other interfering molecules. First, the reduction peaks for varying concentrations of dopamine were obtained. As shown in Fig. [5(a)](#Fig5){ref-type="fig"}, stable reduction and oxidation peaks of dopamine were observed in the CV curves for the CAuNE-700 nm platform with varying dopamine concentrations. No dopamine-specific redox signals (E~pc~ = 0.09 V, E~pa~ = 0.14 V vs. Ag/AgCl) were observed in the absence of dopamine (PBS only), and the background signal was found to be stable and constant for more than three cycles. Based on the reduction peaks (I~pc~), the CAuNE-700 nm platform showed good performance in terms of dopamine detection, with a linear dopamine concentration range of 1--100 µM (R^2^ = 0.9944). The limit of detection (LOD) of the CAuNE-700 nm platform was found to be 5.83 µM based on the calculated parameters, the slope of the calibration curve, and the standard deviation of the response.Figure 5Linear correlations between CV signals and dopamine concentration. (**a**) Changes in CV signals with varying concentrations of dopamine, from 1 to 100 µM. (**b**) Linear correlation (R^2^) between dopamine concentration and intensity of the reduction current calculated from the CV signals.

After confirming the linearity, the selectivity of the CAuNE-700 nm platform toward dopamine was evaluated. Since the dopamine co-exists with various biomolecules such as UA, AA, glucose, and proteins in human blood plasma, it is important to confirm the ability of the platform for the selective detection of dopamine^[@CR19],[@CR30]^. Here, we selected UA and glucose as the interfering molecules for amperometric detection of dopamine using the CAuNE-700 nm platform. As shown in Fig. [6](#Fig6){ref-type="fig"}, the changes in the amperometric current (16.3--17.9 nA) were evident with the addition of 10 µM dopamine, while no changes were observable with the addition of the same concentration of UA and glucose. Remarkably, the additional dopamine treatment on the CAuNE-700 nm platform right after the addition of UA and glucose caused significant changes in the amperometric current (16.7 nA), and the electrical response of the platform was almost the same as that observed without UA and glucose. Remarkably, the dopamine was also detectable in a quantitative manner within the range of 1--100 μM in the presence of glucose (40 g/l), uric acid (44 mM) and human serum albumin (0.1 g/l) that is similar to the composition of real human plasma (Supplementary Fig. [4](#MOESM1){ref-type="media"}). Taken together, we can conclude that the developed CAuNE electrode is an outstanding platform for the detection of dopamine in highly sensitive and selective manner, even for the real human plasma sample.Figure 6Selectivity testing using amperometric detection of 10 µM dopamine with two interfering molecules, UA and glucose; PBS (100 mM, pH = 7.0) was used as the electrolyte. Applied potential was 0.3 V vs. Ag/AgCl.

Cell cultivation and detection of dopamine on CAuNEs {#Sec7}
----------------------------------------------------

Next, we aimed to use CAuNEs as real-time cell-based biosensors that are different from numerous previously reported typical dopamine sensors. Specifically, cells are known to actively interact with their surroundings via binding events between cell adhesion receptors such as integrins and ECM proteins^[@CR48]^. Interestingly, many studies reported that nanopatterns generated on the underlying substrates affect several aspects of cell behavior and cell functions, including migration, proliferation, adhesion, spreading, and differentiation. Interestingly, among the various nanopatterns, homogeneous nanostructures were found to enhance cell adhesion on the substrate via integrin clustering, which ultimately resulted in changes in the cytoskeletal dynamics of the target cells^[@CR49]--[@CR52]^. Since the CAuNE-700 nm platform was composed of homogeneous periodic nanocylinder arrays, we hypothesized that this homogeneous gold electrode array would be beneficial to attach neuronal cells that secrete neurotransmitters as well as to achieve highly sensitive dopamine signals. To achieve this goal, the adhesion and growth of a representative human neuronal cell, SH-SY5Y, were assessed. SH-SY5Y is a human cell line derived from SK-N-SH line and has been identified as a neuronal cell expressing several dopaminergic markers. Hence, SH-SY5Y is a good *in vitro* model for testing the effects of chemical drugs/proteins on the dopamine secretion of dopaminergic neurons as well as for evaluating the efficacy of newly developed anticancer drugs on neuroblastoma ablation^[@CR53]^. Thus, we first analyzed the adhesion and growth of SH-SY5Y to test the potential of the CAuNE-700 nm platform as a multifunctional platform enabling both cell cultivation of human dopaminergic neurons and dopamine detection. As shown in Fig. [7(a,b)](#Fig7){ref-type="fig"}, the cytoskeletal arrangement of SH-SY5Y were found to be similar as confirmed by F-actin-stained fluorescence images; however, there were slight differences in cell spreading on the CAuNE-700 nm platform and the tissue culture plate (TCP) (72 µm^2^/cells and 66 µm^2^/cells, respectively, Fig. [7(c)](#Fig7){ref-type="fig"}). In the case of cell growth on the platform, based on the CCK-8 analysis, the SH-SY5Y cells showed a 6% higher proliferation rate at 5 days *in vitro* (DIV), while there was no remarkable difference in cell growth at 2 DIV. Remarkably, as a conducting cell culturing platform, a clear peak was observed in the voltammogram (I~p~ = 1.773 µA) with the addition of 100 μM dopamine in the presence of SH-SY5Y cells (3 DIV). Furthermore, to confirm the ability of the platform to measure the dopamine released from cells, the SH-SY5Y cells on the electrode surface were cultured with the medium containing 100 μM L-DOPA, a precursor of dopamine, for 2 hours and were triggered to release the dopamine with the addition of potassium chloride (120 mM KCl). As hypothesized, spike-like electrical signals were observed when the KCl solution was added to the cells (Supplementary Fig. [5](#MOESM1){ref-type="media"}), proving that the fabricated platform is able to measure not only chemical dopamine in the presence of cells, but also the dopamine produced by human dopaminergic neurons (SH-SY5Y). Taken together, it could be logically concluded that the developed CAuNE-700 nm platform was highly promising for both culturing human dopaminergic cells and detecting their neurotransmitter secretion *in vitro*, which might be useful for testing potential drugs for the treatment of various neurological diseases such as PD, ADHD, and drug addiction.Figure 7(**a**) Optical microscopic images of SH-SY5Y cells on the CAuNE-700 nm platform and the TCP. (**b**) Fluorescence microscopy images of F-actin-stained SH-SY5Y cells cultured on the CAuNE platform and the TCP. (**c**) Quantification graph of cell spreading area. (**d**) Cell viability test for 2 DIV and 5 DIV. \**p* \< 0.05 (**e**) CV signals of dopamine in SH-SY5Y cells on the CAuNE platform.

Conclusion {#Sec8}
==========

Here, we reported a new dopamine detection platform composed of ITO and periodic gold nanocylinder arrays. By simply changing the incidence angles during interference lithography, homogeneous PR nanohole arrays of three different diameters (500 nm, 700 nm, 900 nm) were successfully formed on the surface of ITO. Gold nanocylinder arrays were then fabricated via ECD, and their dopamine detection ability was examined. According to the CV results, nanocylinder arrays with a diameter of 700 nm and a deposition time of 150 s (186 nm in height) showed the best performance for dopamine detection. The linear range of the CAuNE-700 nm platform was found to be 1--100 µM dopamine with an LOD of 5.83 µM^[@CR54]^, which was suitable for the sensitive detection of neurotransmitters released from cells. Dopamine was also detectable in the presence of other biological molecules (e.g., glucose, UA, human serum albumin), proving the excellence of the developed platform for sensitive and selective dopamine detection. Moreover, owing to the periodic homogeneous feature of the CAuNE platform, which was known to be preferable for cell adhesion, human neuroblastoma cells (SH-SY5Y) were successfully cultured on the artificial electrode surface and showed enhanced cell growth at 5 DIV when compared with that on a conventional TCP. Further, both chemical dopamine (100 μM) and the dopamine release of cells with addition of KCl as a triggering molecule were detectable in presence of the SH-SY5Y cells at 3 DIV, proving the potential of the developed CAuNE platform for *in situ* label-free monitoring of dopamine released from neuronal cells.

In conclusion, our newly developed CAuNE platform is an excellent candidate for simple, convenient, and sensitive detection of dopamine and can be highly useful for early diagnosis of various neurological diseases (e.g., PD, schizophrenia, ADHD)^[@CR55]^. The platform is also useful for other applications, including to test the function of dopaminergic neurons derived from various stem cell sources (e.g., embryonic stem cells, induced pluripotent stem cells, neural stem cells, mesenchymal stem cells) and for toxicity assessments of various chemicals and nanomaterials on human neuronal cells.

Materials and Methods {#Sec9}
=====================

Commercial products and cells {#Sec10}
-----------------------------

ITO electrodes were purchased from U.I.D (Cheongju, Korea). All chemical materials used for LIL including hexamethyldisilazane (HMDS) and dimethyl sulfate (DMSO) were obtained from Sigma-Aldrich, and the PR (AZ nLof-2020), thinner (AZ 1500 thinner), and developer (AZ 300MIF developer) were obtained from AZ Electronic Materials, USA.

Commercial products for gold deposition including gold (III) chloride trihydrate and ammonium sulfate were purchased from Sigma-Aldrich, and tripotassium citrate monohydrate was purchased from Wako Pure Chemical, Ltd, Japan.

All materials used for electrochemical dopamine detection including dopamine hydrochloride and phosphate buffered saline (PBS) were obtained from Sigma-Aldrich. SH-SY5Y cells derived from human neuroblastoma were obtained from the Korean Cell Line Bank (KCLB). The cells were cultured in Dulbecco's modified Eagle medium (DMEM)/nutrient mixture F-12 (F-12) obtained from Thermo Fisher Scientific in a ratio of 1:1.

A cell counting kit-8 (CCK-8) was purchased from Dojindo Laboratories for cell viability testing.

Fabrication of homogenous polymer nanopatterns {#Sec11}
----------------------------------------------

The homogenous polymer patterns were obtained by laser interference photolithography using a Lloyd's mirror interferometer. The interferometer generated light interference between light coming from a source (MXL-FN-360) and the reflected light from the mirror. First, ITO-coated glass (10 Ω/cm^2^, 0.5 mm thickness) was washed in 1% Triton X-100, deionized water, and 80% ethanol for 15 min and sonicated and dried using N~2~.

The washed ITO glass was coated with HMDS using spin coating and this HMDS-coated ITO glass was coated with the diluted PR and thinner (ratio of 6:4). This obtained substrate was then baked on a hot plate at 130 °C for 60 s (soft bake). The soft-baked substrate was exposed to UV (λ = 360 nm, 0.51 mW) using the Lloyd's mirror interferometer. The substrate was exposed twice to UV to obtain PR nanohole patterns. The exposed substrate was then baked again under the same conditions as the soft bake (post-exposure bake). Subsequently, the substrate was treated in the developer to remove the unexposed PR and was washed with DI water. Further, the washed substrate was baked at 135 °C for 60 s (hard bake).

The PR patterns and CAuNE substrates were imaged by field emission scanning electron microscopy (FE-SEM, SIGMA, Zeiss, Germany) at an acceleration voltage of 10 kV.

Cylindrical gold nanoelectrode fabrication {#Sec12}
------------------------------------------

Before gold deposition, a plastic chamber was placed on the PR-nanopatterned ITO glass using polydimethylsiloxane mixed with a thermal curing agent (ratio of 10:1) as a glue. A solution containing 2 mM HAuCl~4~, 0.5 mM ammonium sulfate, and 1 mM tripotassium citrate monohydrate was used for the electrochemical gold deposition. The Ag/AgCl (1 M KCl) and a platinum wire was used as the reference and counter electrodes, respectively. Prior to the electrochemical deposition, the reduction and oxidation potentials of HAuCl~4~ on ITO electrode were first characterized by CV, as shown in the Supplementary Fig. [6](#MOESM1){ref-type="media"}. Gold could be deposited electrochemically via reduction of HAuCl~4~ as reported by previous study written as below^[@CR56]^.$$\documentclass[12pt]{minimal}
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The deposition was performed using a DY2013 potentiostat (Digi-Ivy, Inc., Austin, TX) with −1.2 V potential for 25, 50, 75, 100, 125, 150, and 175 s. Then, the photoresist used as a template for gold deposition was chemically stripped for 60 s using DMSO as a solvent, followed by washing with DI water three times to remove residual DMSO. For calculation of the active surface area, the Randles-Sevcik equation was used described as,$$\documentclass[12pt]{minimal}
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The CAuNEs were characterized by scanning electron microscope (SEM) SIGMA (Carl Zeiss, Germany) and atomic force microscope (AFM) NX-10 (Park systems, Korea).

Electrochemical detection {#Sec13}
-------------------------

CV detection and amperometric detection were performed using a DY2013 potentiostat with 10 µM of dopamine hydrochloride solution diluted in PBS. The fabricated substrate consisting of the ITO electrode served as the working electrode. The reference electrode used was an Ag/AgCl (1 M KCl) electrode and a platinum wire was used as the counter electrode. For the CV analysis, dopamine hydrochloride solution in PBS was placed in the fabricated substrate chamber. The scan rate was 0.05 V/s, and the scanning range was −0.2 to 0.4 V.

For the dopamine selectivity test, amperometric detection was performed at a sampling time of 0.05 s and an initial voltage of 0.3 V, and the sensitivity was found to be 10^−6^ A. For electrochemical detection dopamine in the presence of SH-SY5Y, the medium for the cells grown for 3 days was removed and replaced with 100 µM dopamine hydrochloride solution diluted with PBS. For the detection of dopamine release from cells, L-Dopa (100 µM) dissolved in DMEM/F12 was treated for 2 hours prior to the amperometric detection and 120 mM KCl was added to trigger dopamine release from cells. Subsequently, electrochemical detection was analyzed under the same conditions as the preceding conditions. All of the experiments were performed at a temperature of 25 °C.

Statistical analysis {#Sec14}
--------------------

The intensity of the cathodic peaks (I~pc~) detected by CV was quantitatively analyzed using the statistical program Origin 8 or Microsoft Excel 2013. Graphical data were presented as mean ± SE (N = 3). Statistical significance between the groups was analyzed by the unpaired Student's t-test. Cell spreading was analyzed using Image J software.

Cell culturing and fluorescence imaging {#Sec15}
---------------------------------------

The cells (SH-SY5Y) were cultured in DMEM/F12 on the fabricated substrate coated with 0.01% poly L-lysine solution (Sigma-Aldrich) for 3 days. After 3 days of incubation, the cells were washed with PBS (pH = 7.4) and fixed with 4% formaldehyde solution for 10 min. Then the fixed cells were treated with 1% Triton X-100 diluted with PBS for 10 min and washed twice with PBS. Subsequently, the cells were stained with Alexa Fluor® 568 Phalloidin for 30 min at room temperature. The cells were washed twice with PBS and stained with Hoechst 33342 (Thermo Scientific, Germany) for 10 min. Finally, fluorescence imaging of the actin- and nucleus-stained cells was performed using an Eclipse 80i (Nikon Japan) microscope.
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